INTRODUCTION
In recent years, Flywheel Energy Storage (FES) systems have been rediscovered by industry due to their advantages in comparison with other short term energy storage systems [1] , [2] , [3] . FES can be designed to protect critical loads against voltage sags, by using a Permanent Magnet Synchronous Motor (PMSM) and a matrix converter to control the power transfer process between the flywheel and the critical load. This arrangement eliminates the dc link capacitor needed in conventional inverter rectifier systems. The predictive discrete-time control of power converters has been outlined in [4] , [5] , [6] , [7] , and recently applied to matrix converters [8] . In this paper, using FES and PMSM a matrix converter based Dynamic Voltage Restorer (DVR) model is used to obtain the current references to control the matrix converter (section II). A detailed discrete-time dynamic model of the matrix converter is used to predict the expected values of the input and ouput currents for all the 27 possible output voltage vectors generated by the matrix converter (section III). A minimization procedure, based on a weighted cost functional, selects the optimal vector that minimizes both the output current errors and the input current errors. The predictive optimal controllers here proposed can enhance the controllability of matrix converters by optimizing the vector choice to overcome the input-output coupling of matrix converters, due to their lack of enough stored energy.
A description and characterization of an experimental kinetic energy accumulator, based on FES is also presented (section IV). The matrix based DVR simulation results are shown in section V. Results show that FES with predictive optimal matrix converter control can be used as a DVR (Fig. 1) to excel in the mitigation of voltage sags and swells as well as voltage distortion at critical loads.
II. DYNAMIC VOLTAGE RESTORER

A. The concept of Flywheel Energy Storage based DVRs
Power quality problems like voltage sag, voltage swell and harmonic are a major concern of the industrial and commercial electrical consumers due to enormous loss in terms of time and money [11] . This is due to the advent of a large number of sophisticated electrical and electronic equipments, such as computers, programmable logic controllers, variable speed drives, and other accurate control systems. The use of these equipments often requires very high quality power supplies. Some control equipments are highly sensitive to voltage disturbances, especially sags lasting several periods, which cause their interruption and even failures. The adverse effects of voltage disturbances, such as sags and swells, dictated the existence of effective mitigating devices. These devices include uninterruptible power supplies (UPS) and DVRs.
The DVR is one the most effective solutions since it only supplies the power difference between disturbed voltage and ideal voltages, not all the power as do UPSs. DVRs are series custom power devices, which should present excellent dynamic capabilities, to protect sensitive loads from voltage sags, swells and even voltage harmonics, by inserting a series voltage to restore the ideal network voltage waveform. Therefore, a DVR is basically a controlled voltage source installed in series between the supply and a sensitive load. It injects a voltage on the system in order to compensate any disturbance affecting the load voltage. Basic operating diagram of a DVR is as shown in Fig. 2 , where the series voltage is inserted as a winding voltage of a transformer driven from the RL output filter of the matrix converter. 
B.
Critical load voltage control using DVRs The mathematical model needed to control the critical load
2), which serve as a load filter and power factor compensation, can be written in the dq frame as: 
Substituting (3) and (4) in (1), (2) , two isolated first order systems are obtained. Then, the needed critical load voltage components v CLd , v CLq can be controlled by acting on the matrix converter output current component references i sdref , i sqref , given by (5) and (6), using PI controllers.
Gains k p and k i are respectively proportional and integral gains, which can be calculated choosing minimizing the ITAE criterion for the resulting closed loop 2 nd order system. The reference values i sdref , i sqref will then be transformed into the αβ frame to establish the references for a predictive current controller for the matrix converter.
III. PREDICTIVE CONTROL OF MATRIX CONVERTERS FOR DVR OPERATION
A. Matrix converter Matrix converters are based upon an association of nine bidirectional switches with turn-off capability, which allow the connection of each one of the three output phases to any one of the three input phases connected to a PMSM through a rlC filter (Fig. 3) . A nine-element matrix with elements S ij representing the state of each bi-directional switch (if switch S ij is off then S ij =0, else S ij =1), can be used to represent the matrix output The 3-phase matrix converter presents 27 switching combinations, or vectors [10] , since for all k∈{1,2,3}
.
The input phase currents (i a , i b , i c ) can be related to the output phase currents (i s1 , i s2 , i s3 ) by: The 27 switching combinations of the nine bi-directional switches S ij , can be used as output voltage and/or input current vectors given as functions of each S ij state, meaning that the control of the matrix output voltages and matrix input rlC filter currents (Fig. 3) is not independent.
B.
Matrix converter output currents dynamic model Supposing a balanced three-phase inductive load, the first time derivative of the matrix converter output currents (i s1 , i s2 , i s3 ) in the αβ frame (Concordia transformation) can be defined by (9) , where 
This dynamic equation will be used to predict the matrix converter output currents.
C. Matrix converter input filter dynamic model
Assuming a 2 nd order matrix converter input filter ( The dynamics of the capacitor voltages is given by: β α,
These dynamic equations will be used to predict the matrix converter input currents i iα , i iβ .
D.
Discrete-time prediction of matrix output currents A first-order difference equation (12), with a sampling time T s , equivalent to the load current differential equation (9) , can be used to predict the expected values (Euler-Foward method) of i sα , i sβ , at time instant t s +1, given the values of i sα , i sβ , at the t s th sampling instant, and the voltages vectors generated by the matrix converter.
Discrete-time prediction of matrix input filter currents The discrete-time difference equations (13) (sampling time T s ) of the matrix input filter current dynamic equations (10, 11) , can be used to predict the expected values (EulerBackward method) of the input filter currents at the t s +1 sampling instant.
( ) ( For the matrix input filter current errors, a near unity input power factor for the matrix converter is assumed. Then, the reactive power reference Q * should be zero. Therefore, the reactive power error e Q is (19).
( ) ( ) ( ) ( 
G.
Predictive optimal matrix converter control The predictive optimal matrix controller uses the discretetime model (12, 13) to predict, for the next sampling instant, the forecast values of the input and ouput currents and the errors (17, 18, 19) for all the 27 possible vectors of the matrix converter. An optimal algorithm minimizes input and output current errors using the minimum value of the weighted cost functional (20) evaluated for all 27 vectors, to select the vector leading to that minimum cost. The controller block diagram is depicted in Fig. 4 .
IV. FLYWHEEL ENERGY STORAGE
A. The concept of Flywheel Energy Storage
The experimental kinetic energy storage (Fig. 5 ) was designed and built to have a moment of inertia of 4.2kgm 2 and a maximum rotating speed of 2500 rpm [9] . A PMSM (2.9kW, 3000rpm) was selected as the electromechanical energy transfer device. The steel seamless tube ( fig. 5 ) was selected as a rotating mass, given its availability and ease of assembly. This FES part is characterized by parameters which depend on material (in this case steel). The moment of inertia is given as: This energy cannot be extracted completely from the FES, as the matrix converter requires a minimum input voltage level and energy conversation becomes inefficient when the angular speed drops below a certain value (roughly 50% of the rated speed) [11] . Supposing this limit equals 50% of the maximum speed, the amount of useful energy is 75% of the total energy being, in this case,
. 
B. Flywheel dynamics
The Flywheel dynamics can be given as:
Where J is combined inertia of rotor PMSM and Flywheel, K D is the friction coefficient, K C is the Coulomb friction and T is the resultant torque. To obtain parameters K D and K C an experimental deceleration (from 1500rpm to 0rpm) test was made. The flywheel parameters and can be obtained. The field oriented controlled PMSM extracts energy from the flywheel to fed the matrix converter. 
V. DVR SIMULATIONS RESULTS
The matrix converter with input filter, PMSM, voltage source, series transformers, critical load and the real-time predictive optimal controller were simulated in the Matlab/Simulink environment to evaluate the performance of the proposed predictive optimal matrix converter based DVR.
The system parameters are given in the Appendix A and B. The DVR with the matrix predictive controller is applied to compensate critical load voltage sags and swells. Two different tests were considered. In test 1, mitigation of balanced and unbalanced voltage sags is evaluated. In test 2 the performance of the matrix DVR is demonstrated for balanced and unbalanced voltage swells. The total harmonic distortion (THD) of the critical load voltage is also evaluated.
A. DVR response to voltage sags
In the first test for balanced sags, it is assumed that there is a 40% three-phase voltage sag in the supply voltage, initiated at 0.6s and lasting 0.08s. For unbalanced sags, 20% (phase 1) and 40% (phase 2) voltage dip is considered. 
B. DVR response to voltage swells
In the second test, the DVR performance for a voltage swell condition is investigated. A balanced voltage swell with 40% three-phase voltage increase, which starts at 0.6s and ends at 0.68s, is considered. For unbalanced swells, 50% (phase 1) and 20% (phase 2) voltage swell is considered. The performance of DVR is illustrated in Fig. 8 (balanced swell) and Fig. 9 (unbalanced swell) .
Again, the DVR injected voltage components (v p123 ) compensate the critical load voltage (v CL123 ) without showing any delays, voltage undershoots or overshoots. The DVR is able to correct the voltage swells showing response times far less than the voltage period. Fig. 10 presents the frequency spectrum of the critical load voltage. Besides the tracking capabilities of the predictive optimal control method, it presents a very useful characteristic, the very low harmonic content of critical load voltage. The spectrum shows the fundamental frequency at 50Hz (100%) and some very low amplitude (<1%) harmonics. The critical load voltage THD is less than 1%. VI.
C. Critical load voltage THD
CONCLUSIONS
The proposed predictive optimal control is a powerful control technique that will open new possibilities in the control of AC-AC matrix and other complex power converters and in the control of matrix driven permanent magnet synchronous motors. The predictive optimal control allows the control designer to overcome the matrix converter input/output coupling, easing the use of all the available converter vectors. A flywheel energy storage system, including a Permanent Magnet Synchronous Machine driven by the predictive optimal controlled matrix converter was used as a DVR to mitigate voltage sags, swells and THD. It was pointed out that the proposed predictive optimal matrix converter control presents very good performance when used in dynamic voltage restorers to mitigate voltage sags, swells and THD at critical loads, without showing delays, voltage undershoots or overshoots.
The next step in this investigation is to add strong experimental support.
VII. APPENDIX
A. Matrix Converter
The matrix converter has the following parameters , and 
B. PMSM parameters
The PMSM machine has the following parameters: stator resistance ( ), rotating field inductance ( 
